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POLYHER-DEFEROXAHINE-FERRIC IRON ADDUCTS 
FOR USE IN MAGNETIC RESONANCE IMAGING 

5 FIELD OF THE INVENTION 

The invention is directed to a composition for 
enhancing magnetic resonance (MR) imaging. The 
composition comprises a ferric iron-chelator complex 
bound to a polymer moiety. More particularly, the 

10 composition comprises an adduct of deferoxamine moieties, 
ferric iron and polymer which may be water-soluble, as 
for example, a protein or polysaccharide, or water- 
insoluble, as for example, a cellulose or agarose • The 
composition is capable of safely introducing large 

15 concentrations of ferric iron into the vascular system or 
gastrointestinal tract. The invention is further 
directed to a pharmaceutical composition and method of 
using the composition in MR imaging. 

20 BACKGROPND OF THE INVENTION 

Proton magnetic resonance imaging is a 
relatively new diagnostic technique in the field of 
medical imaging of the body's internal structure. 
Magnetic resonance (MR) images of the human body are 

25 obtained by exposing the protons, that is, hydrogen atom 
nuclei, contained in the water in tissue to the combined 
action of high magnetic fields and radio frequency waves. 
The MR image, derived from the MR signals, depends on the 
density of the protons in a given tissue, and on the two 
3 0 relaxation parameters of these protons which are referred 
to as Tl and T2. 

In the human body, the most intense Tl signal 
is obtained from fatty tissue due to low concentrations 
of water whereas tissues containing high concentrations 
35 of water, as for example, cerebrospinal fluid and 

edem.atous tissue, provide a Tl cignal of low intensity. 
Compartments containing high concentrations of proteins, 
such as the blood stream and muscle tissue, are 
associated with an intermediate Tl signal intensity. The 
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administration of a paramagnetic ion into a specific 
compartment will alter the Tl proton relaxation. The 
introduction of the magnetic field associated with one or 
more unpaired electrons will alter the interactions 
5 between the protons and their environment. As a result, 
the Tl relaxation time of the protons will be shortened. 
The magnitude of this change is dependent on the relative 
concentration of both protons and the paramagnetic ion. 

Paramagnetic ions such as iron, manganese and 

10 gadolinium have been utilized as contrast enhancers. Of 
these ions, gadolinium, by virtue of its seven unpaired 
electrons, has the largest effect on the Tl value of 
protons. Accordingly, this ion has been utilized 
extensively to achieve contrast enhancement. Gadolinium 

15 does not occur in the human body and is associated with 
considerable toxicity when injected into animals as a 
salt solution, such as gadolinium chloride {Gibby, et 
al., Investi g. Radiol. 25: 164-172 (1990)). To decrease 
the toxicity of gadolinium, the ion is normally 

20 administered in a complex form using organic chelators. 
Iron and manganese, although naturally occurring in 
biomolecules, are also intrinsically toxic ions. Their 
toxicity can also be reduced by chelation. In the case 
of iron, deferoxamine, has been employed to reduce 

25 toxicity (Worah, et al., Invest ia, Radiol, 23: S281-S285 
(1988)) . 

Gadolinixam has been detoxified by complexation 
with ethylenediaminetetraacetic acid (EDTA) and 
diethylenetriaminepentacetic acid (DTPA) (Weinmann, et 

30 al., A.J.R. 142: 619^624 (1984)). The Gd-DTPA chelate 
distributes within the extracellular fluid compartment, 
does not penetrate the blood-brain-barrier, and is 
rapidly eliminated by the kidney (Schmiedl, et al., 
A^jLR^ 147: 1263-1270 (1986)). Accordingly, Gd-DTPA is 

35 useful as a contrast agent for urographic imaging, for 
detecting abnormal capillary permeability from 
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inflammation and tumors, and for assessment of the 
integrity of the blood-brain-barrier. 

However, the use of Gd-DTPA as a contrast agent 
has limitations. Gd-DTPA is quickly eliminated from the 
5 intravascular compartment, about 50% being cleared from 
the vascular space into the extravascular fluid 
compartment on the initial pass through the capillaries 
(Schmiedl, et al.. A, J.R, 147: 1263-1270 (1986)). As 
such, Gd-DTPA cannot provide selective enhancement of the 
10 intravascular space such that blood volxme or tissue 
perfusion, for example, may be assessed. 

To overcome such limitations and provide a 
contrast agent capable of intravascular retention, 
macromolecular components such as proteins and 
15 polysaccharides, as for example, albumin, cellulose and 
molecular weight dextrans having molecular weights of 
about greater than 50,000 have been attached covalently 
to DTPA with subsequent chelation to gadolinium (Brasch, 
et al.. In Contrast and Cont rast Agents in Maq ng>>,if7 
20 Resonance Imaging, Special Topic Seminar, P. A. Rinck 
(ed.), European Workshop on Magnetic Resonance in 
Medicine, Belgium, pp. 74-93 (1989)). Protein- (Gd-DTPA) 
conjugates have been prepared with hximan and bovine serum 
albumin, immunoglobulin G, and fibrinogen. Such contrast 
25 agents have shown predominant intravascular distribution 
and retention (Schmiedl et al., A.J.R, 147: 1263-1270 
(1986)); Paajanen, et al., Maqn. Reson, in M^d- 13: is- 
43 (1990)). 

It has been found that attaching Gd-DTPA to a 
30 serum albumin molecule improves proton relaxation per 
mole of Gd*^ over that observed with Gd-DTPA used alone, 
due to the slower tumbling rates of the protein molecule. 
For example, an increase of relaxivity values of about 
1.4-to 2.0-fold, of about 3-fold, and of 5- to 10-fold 
35 over plain Gd-DTPA have been reported (Paajanen, et al., 
Maqn. Reson. in Med. 13: 18-43 (1990)). By contrast, 
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Gd-DTPA polymeric dextrans are only slightly better than 
Gd-DTPA in relaxation effectiveness on a per Gd ion 
basis. With polymeric material, however, fewer moles of 
gadolinium are required to effectively enhance 
5 intravascular structures as compared with free Gd-DTPA. 
In vivo imaging studies have shown that the Gd-DTPA 
protein conjugate remains mainly in the vascular space 
for up to 90 minutes after IV injection in rats 
(Schmiedl, et al., A.J.R. 147: 1263-1270 (1986)). 

10 The use of albumin- (Gd-DTPA) suffers from several 

drawbacks. Albumin- (Gd-DTPA) is * synthesized by reaction 
of the cyclic anhydride of DTPA with albumin followed by 
the addition of - an excess of Gd+3 ions. The DTPA groups 
are covalently linked to the amine moieties of albumin, 

15 and the Gd+3 ion is chelated in the DTPA ligand 

(Schmiedl, et al., A.J.R. 147: 1263-1270 (1986)). 
However, by using a bifunctional chelating agent such as 
DTPA anhydride, crosslinking of the albumin moiety is 
likely to occur. Furthermore, since one of the 

20 coordination sites on the chelator is altered by this 
process, the affinity of the gadolinium ion for the 
protein bound chelator is reduced. 

Another drawback of albumin- (Gd-DTPA) 
conjugates is that the relatively low coupling efficiency 

25 of albumin with DTPA requires the injection of a high 
quantity of human serum albumin. Concern has been 
expressed regarding the high potential for immunogenic 
reactions associated with its modified protein matrix. 

Dextrans have been cross-linked with DTPA via a 

30 polymerization process to form molecules from small 

particles of 17,000 MW to large insoluble particles. A 
typical process for cross-linking dextrans with DTPA 
utilizes the anhydride of DTPA to achieve ester cross- 
linking of DTPA to dextran (Gibby, et al.. Invest, 

35 Radiol . 24: 302-309 (1989)). However, since the DTPA 
anhydride is a bifunctional cross-linking agent, this 
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polymerization process can prove to be difficult and 
cumbersome. In addition, that method leads to poorly- 
defined products with broad distribution of molecular 
weights. Further, the solubility of the resulting 
5 compound is much lower than that of the starting dextran 
component. Further, the replacement of two of the five 
carboxylic acid groups on DTPA with ester cross-links to 
the polysaccharide results in a significant decrease in 
affinity of the DTPA dextran conjugate for the bound 
10 metal ion. It has been proposed that hydroxyl groups 

from the polysaccharides may partially compensate for the 
loss of negative charge, but no data has been offered in 
support of this hypothesis. (Gibby, et al., Investia. 
Radiol. 24! 302-309 (1989)). 
15 Attachment of Gd-DTPA to a protein such as 

albumin or a polysaccharide moiety represents a means for 
obtaining a contrast agent that distributes in the 
vascular compartment without specificity. A current 
focus in MR imaging is on binding paramagnetics to 
20 proteins to provide contrast agents which are tissue- or 
function-specific. For example, a protein-image 
contrast conjugate has been prepared by combining 
antibodies with Gd-DTPA. See for example, Shreve, P. and 
A.M. Aisen, Ma cm. Reson. Med. 3: 336-340 (1986). 
25 One advantage of using gadolinium as the 

paramagnetic nucleus is the higher relaxivity as compared 
to ferric iron. As such, a lower concentration of 
gadolinium need be administered in order to obtain signal 
enhancement. However, the loss of gadolinium from DTPA 
30 is a known occurrence especially in cases where the DTPA 
anhydride is utilized for polymer attachment. Further, 
the association constant, or affinity, of gadolinium to 
DTPA is relatively low at neutral pH and, more 
importantly, rapidly decreases when the pH is lowered. 
35 This characteristic is a significant problem with jji vivo 
administration, particularly during ischemic insults 
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which lead to acidosis and a localized drop in pH to as 
much as a full pH unit. 

Such instability of chelates presents the 
threat of jjx vivo dissociation of the metal complex into 
5 the potentially toxic form while within the body. 

Therefore, it is vital that such contrast agents remain 
stable to ensure that the paramagnetic ion remains in a 
sequestered, nontoxic form within the body. 

Contrast agents containing ferric iron have 

10 been used as an alternative to gadolinium. Like 

gadolinium, however, ferric iron, must be detoxified for 
internal administration such as by chelation with 
deferoxamine (desf errioxamine; DFO) . The acute and 
chronic toxicity of deferoxamine is relatively high, 

15 potentially causing hypotension when administered 
intravenously. Ferrioxamine is a stable complex of 
ferric iron (Fe*^^) and deferoxamine, having a binding 
constant of about 10*^° (Hallaway, et al., Proc. Natl, 
Acad. Sci. fUSA) 86: 10108-10112 (1989)). Ferrioxamine 

20 (FO) is excreted primarily in the urine which makes it 
especially useful as an enhancing agent for the urinary 
tract. Further, it provides identification of local 
blood-brain-barrier defects and assessment of renal 
excretory functions (Wesbey, et al., Phvsiol. Chem, Phvs- 

25 and Me^, NMR 16: 145-155 (1984); Weinman, et al., A.J.R. 
142: 619-624 (1984)). Unlike Gd-DTPA which has a plasma 
^alf-life of about 20 minutes, FO clearance is biphasic, 
with an initial phase of about 128 minutes whereby about 
one-half of the dose is eliminated, followed by a 

30 prolonged elimination phase with a half -life of over 7 
hours (Worah, et al.. Invest io, Radiol. 23: 5281-5285 
(1988) ) . 

However, the toxicity of ferrioxamine (FO) is 
similar to that of deferoxamine (Hallaway, et al., Proc. 
35 Nat. Acad. Sci. USA 86; 10108-10112 (1989)). Side 
effects from fast intravenous injection of either 
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compound may lead to dramatic blood pressure drop. 
(Niedrach, et al., Invest ig. Radiol. 23: 687-691 
(1988)). Accordingly, ferrioxamine as a paramagnetic 
contrast agent can be used only in very low 
5 concentrations and is limited to the urinary excreting 
system. Furthermore, the relaxivity of ferrioxamine at 
20 MHz and at 37 degrees is 1.4 s'^ mM^S which is a factor 
of 3 lower than Gd-DTPA. Accordingly, ferrioxamine must 
be injected at a 2-3 times higher dose than gadolinium- 
10 containing chelates to produce the same relaxation 
effects . 

Contrast agents comprising para- or 
ferromagnetic agents bound to proteins such as 
immunoglobulins, monoclonal antibodies and blood-pool 
15 markers have been suggested for use as tumor-specific MR 
agents (Paajanen, et al., Maan. Reson. Med. 13 : 38-43 
(1990)). To achieve a high degree of incorporation of 
iron, the metal chelator was initially attached to 
polyamino acids such as polylysine, polyglutamic acids, 
20 or other organic polymers such as polyacrylic acid 

(Shreve, P. and A.M. Aisen, Maon. Reson. Mo^ 3: 336-340 
(1986)). Although this process yielded adducts with a 
high degree of bound iron ions, the method has several 
drawbacks. In addition to being relatively cumbersome, 
25 the final conjugate products comprise profoundly altered 
antibodies in a structural sense having a decreased 
immunoreactivity of between about 60-70%. Therefore, 
what may be gained in signal appears lost in specificity. 
Furthermore, polyamino acids do not interact as 
30 specifically and with as high affinity as chelators such 
as deferoxamine, of particular concern is that loosely 
bound iron may be associated with considerable toxicity 
since this form of non- sequestered iron can participate 
in reactions leading to formation of toxic oxygen- and 
35 lipid-derived radicals, iron bound to deferoxamine. 
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however, cannot participate in such reactions since all 
coordination sites are occupied. 

Therefore, an object of the invention is to 
provide a macromolecular paramagnetic contrast agent 
5 composed of ferric iron for use in magnetic resonance 
imaging that will enhance proton relaxation times, be 
free of toxic effects in doses appropriate for contrast 
enhancement jji vivo , remain stable in vivo , retain and/or 
increase its biological half-life in vivo, and be quickly 

10 eliminated from the body after completion of the desired 
imaging study. Another object is to provide a ferric 
iron contrast agent which is capable of tissue-specific 
or compartment-specific distribution in a mammal- Yet 
another object is to provide a pharmaceutical composition 

15 comprising the paramagnetic adduct of the invention and a 
method of using the composition to enhance magnetic 
resonance imaging. 

SUMMARY OF THE INVENTION 

20 These and other goals are met by the present 

invention which is directed to a composition useful in 
magnetic resonance (MR) imaging. More particularly, the 
invention is directed to compositions which comprise an 
adduct of a conjugate of deferoxamine moieties covalently 

25 bonded to a polymer, and ferric iron chelated to the 

deferoxamine moieties. The polymer moiety according to 
the invention may be any macromolecular substance which 
is capable of decreasing the toxicity of the bound 
chelate component of the adduct. For example, the 

30 adducts may comprise water-soluble polymers such as 
polysaccharides, as for example, dextrans, starches, 
hyaluronic acid, inulin and celluloses, and proteins such 
as serum albumin and transferrin, or water-insoluble 
polymers such as celluloses, agaroses, and the like. 

35 The contrast agent, or adduct, is formed by 

saturating the binding sites on polymer-bound iron 
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chelators with iron. The deferoxamine moiety 
substantially retains its chelating ability after 
attachment to the polymer component. The resulting 
polymer- (chelator-ferric iron) adducts are non-toxic and 
5 provide for the introduction of high concentrations of 
bound, non-toxic, ferric iron into the vascular system, 
or compartment, or gastrointestinal tract of a mammal. 
Concentrations greater than 1 mM of ferric iron may be 
introduced into the bloodstream without harmful side 

10 effects. The adduct of the invention is capable of 
increasing the amount of ferric iron in the vascular 
compartment to about 5mM. Preferably, the amount of 
ferric iron in the vascular system provided by the adduct 
is about 0.5-2mM. The ferric iron itself enhances the 

15 proton magnetic resonance signal. The magnetic signal is 
enhanced further by attaching the iron/chelator complex 
to the polymer. 

The invention provides a composition suitable 
for i2 2iyo administration for use in magnetic resonance 
imaging of a body feature of a patient. The 
pharmaceutical composition according to the invention 
comprises a pharmaceutically-acceptable adduct in 
combination with a biocompatible, pharmaceutically- 
acceptable carrier. It is preferred that the adduct is 
present in an amount effective to enhance the body 
feature being imaged. 

The compositions of the invention are capable 
of selective magnetic resonance image enhancement of 
particular cells, tissues, and other features, 

30 particularly of the vascular system. The adducts of the 
invention are useful in MR imaging to monitor circulatory 
insufficiency, tumor infiltration, vascular leak, or 
edema, and tissue injured by ischemia and reperfusion. 
The invention includes MR image contrast agents with 

35 specificity for particular cells or tissues which are 
useful diagnostic tool, as for example, in cancer 



20 



25 
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detection. For example, it has been demonstrated that 
various neoplastic cell types, including both vascular 
tumors, and solid tumors such as carcinoma of the breast, 
are associated with increased expression of the 
5 transferrin receptor. Accordingly, transferrin, an iron 
transporting protein, may be used as the polymer 
component of the adduct to enhance the distribution of 
such transferrin conjugates to cells and/or domains where 
the expression of binding sites, or receptors, for this 

10 protein are high. 

The adducts provide for intravascular retention 
for the period of time required to provide effective 
contrast enhancement of the body feature being imaged, 
preferably 30-90 minutes. Preferably, the size of the 

15 adducts of the invention is effective to slow the rate of 
diffusion of the adduct from the vascular space into the 
extracellular fluid space so that the MR imaging of an 
organ, tissue or other feature of the vascular 
compartment can be achieved. The adduct is preferejDly at 

20 least about 5,000 Daltons and less than 250,000 Daltons, 
more preferably about 10,000 to 50,000 Daltons. After 
the imaging process is completed, the adduct is rapidly 
eliminated from the body, preferably within 24 hours. It 
is preferred that the adduct is eliminated from the body 

25 through the urinary system. 

A method of using the composition comprising 
the adduct in MR imaging is also provided. The method 
comprises the steps of administering a composition 
composed of a contrast agent comprising a 

30 pharmaceutically-acceptable adduct according to the 

invention, such that the contrast agent is distributed to 
the body system being imaged, and determining the image 
of the system or a portion thereof according to an MR 
imaging technique. 



35 
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BRIEF DESCRIPTION OF THE DRRWINSS 

FIGURE 1 illustrates the percent segment 
shortening of the ischemic-reper fused area (% of control) 
in the saline group (Control, closed circles, n=9) , HES- 
5 DFO-treated group (open circles, n=7) and HES-DFO-FERRIC 
IRON-treated group (open squares, n=5) prior to left 
anterior descending coronary artery (IAD) occlusion, 
during occlusion and at various times following 
reper fusion. The hatched and closed bars indicate the 
10 period of drug infusion and IAD occlusion, respectively. 
All values are the mean + SEM. * p<0.05 vs control group. 

FIGURE 2 illustrates the plasma concentration 
of HES-DFO (open circles, n=7), HES-DFO-FERRIC IRON 

15 (filled circles, n=4) and DFO (open triangles, n=6) prior 
to IAD occlusion, during occlusion and at various times 
following reperfusion. The hatched and closed bars 
indicate the period of drug infusion and IAD occlusion, 
respectively. All values are the mean ± SEM. * p<0.05 vs 

20 DFO group. 

DETAILED nEfiCRIPTIQM 

The present invention is directed to magnetic 
resonance (MR) imaging of a mammal using an MR contrast 

25 agent which is an adduct of a ferric iron-chelator 
complex covalently bound to a polymer component. In 
particular, it provides for enhancing the contrast of an 
MR image of the vascular compartment, that is, body 
features which are highly vascularized, as for example, 

30 the kidney, liver, heart, brain, and gastrointestinal 
tract. The invention provides improved MR contrast 
agents which may be produced by saturating the binding 
sites on polymer-bound chelators, particularly 
deferoxamine, with iron. The resulting compounds are 

35 non-toxic and provide for the introduction of high 

concentrations of bound, or sequestered, and thus non- 
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toxic, ferric iron into body structures and systems, 
particularly the vascular system. The paramagnetic 
nature of ferric iron alone provides significant 
enhancement of the proton magnetic resonance signal by 
5 shortening the Tl relaxation time of protons. Additional 
enhancement of the magnetic signal is achieved by 
attaching a deferoxamine- ferric iron complex, or 
ferrioxamine, to a polymer component such as a protein or 
polysaccharide. Intravenous infusion of polymer-bound 

10 ferrioxamine provides a means for safely obtaining 
transient vascular concentrations of ferric iron at 
concentrations in excess of 1 mM. The composition of the 
invention further provides a means for selective magnetic 
resonance image enhancement of particular sites within 

15 the vascular system. 

The polymer moiety may be any macromolecular 
substance which may decrease the toxicity of the bound 
chelate component. Suitable polymers according to the 
invention include water-soluble polymers such as 

20 polysaccharides, as for example, dextrans, starches, 

hyaluronic acid, inulin and celluloses, and proteins such 
as serum albtimin and transferrin, and water- insoluble 
polymers such as celluloses and agaroses. Polymers may 
be designed to provide an adduct for a particular 

25 clinical need with respect to particular physiological 
distribution and vascular retention within a body. For 
example, the water-insoliable polymers provide adducts for 
gastrointestinal tract imaging while the water-soluble 
polymers provide adducts for vascular imaging. 

30 The adduct of the invention should be of a size 

effective to deter rapid diffusion of the adduct from the 
intravascular to the extracellular fluid space, such that 
the adduct is retained intravascularly to provide 
effective contrast enhancement of the organ or tissue 

35 being imaged. It is preferred that the adduct is 

retained within the vascular compartment for about 30-90 
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minutes. Preferably, the adduct has a molecular weight, 
as determined by gel permeation chromatography, of 
between 5,000 to 250,000 Daltons, more preferably about 
10,000 to 50,000 Daltons. 
5 To prepare the adducts of the invention, the 

deferoxamine moiety is covalently bonded directly to a 
pharmaceutically-acceptcible organic polymer and the 
conjugate is then saturated with ferric iron. 
Alternatively, the deferoxamine-ferric iron complex in a 
10 prepared form, as for example, ferrioxamine B, may be 

bonded to the polymer moiety, and the conjugate saturated 
with ferric iron. Methods for the preparation of 
deferoxamine (N- [ 5- [ 3 - [ ( 5-aminopentyl ) hydroxycarbamoyl ] 
propionamido]pentyl]-3-[ [5-{N-hydroxyacetamido) pentyl] 
15 carbamoyl ]propionohydroxamic acid) and its 

pharmaceutically-acceptable salts have been disclosed, 
e.g., by Prelog, et al., in Helv. Chim. Acta , 45: 631 
(1962); Bickel, et al., Helv. Chlm, Acta , 46: 1385 
(1964); in German Pat. Spec. 1,186,076 and in U.S. Patent 
20 No. 4,419,365, the disclosures of which are incorporated 
by reference herein. Such salts include the acid 
addition salts of methane sulfonic acid, phosphoric acid, 
acetic acid, lactic acid, tartaric acid, citric acid and 
the like. 

2^ It is preferred that the terminal amino (NH2) 

group of deferoxamine is bound to a molecule of a 
pharmaceutically-acceptable organic polymer. The amino 
group may be bonded directly to a carboxy-acid moiety on 
the polymer, e.g., to form an amide linkage. Preferably, 

30 the deferoxamine amino group will be directly bonded to 
an aldehyde (CHO) moiety on the polymer via the reaction 
sequence: 

Polymer-CHO + DFO-NH^ — > Polymer-CH=NDFO — > 

35 ^ 2 

Polymer-CHjNH-DFO 
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wherein reaction 1 yields a Schlff base which is reduced 
in reaction 2 to yield a covalent linkage. Many 
deferoxamine moieties may be bound to a single polymer 
molecule. 

5 Application of the above process, wherein the 

polymer is a soluble biopolymer such as a polysaccharide 
or a protein, leads to a solvible chelating agent which 
retains essentially the same chelating eibility as the 
non-anchored chelate. 

10 Aldehydic groups can be introduced into the 

polymer substrates by known techniques, e.g., by the 
oxidation of carbohydrates or other diols to dialdehydes 
with sodiiam metaperiodate • See, for example, Wilson, et 
al., in Immunofluorescence and Re lated Staining 

15 Techniques , Knapp, et al. (eds.) Elsevier/North Holland 
Biomedical Press (1978) at page 215? Fleming, et al,. 
Acta Biol, Med, Ger. 30: 177 (1973); and, S.-C. Tarn, et 
al., in Proc. Natl. Ac ad, Sci- msA) , 73: 2128 (1976), 
the disclosures of which are incorporated by reference 

20 herein. 

In some applications, the terminal amino group 
on deferoxamine can also be bonded to an amino group on 
the polymer indirectly, by the use of a dialdehyde 
linking agent such as glutaraldehyde, followed by 

25 reduction, e.g., with sodium borohydride. 

The mole ratios of deferoxamine: polymer 
attainable by these reactions will vary widely, depending 
on factors such as the number of reactive groups on the 
polymer, steric hindrance, rate and extent of Schiff base 

30 or amide formation, and the like. As an example, about 
0.6-0.7 g of deferoxamine can be bonded to about 2,5 g of 
reacted Dextran 40, via reaction of the deferoxamine with 
aldehyde groups introduced into the dextran, followed by 
reduction. Organic polymers used as a substrate material 

35 for reaction with deferoxamine may be either water- 
soluble or water-insoliible. Chelating ag nts formed from 
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either will have utility in various applications, 
provided the polymer and chelating agent are 
pharmaceutically- and/or otherwise compatible with the 
physiological solutions with which they will have contact 
5 during use. 

In contrast to in vitro preparations, in vivo 
use of the adducts of the invention requires compositions 
having special characteristics. For example, the 
chelating moiety of the agent must remain effective as a 
10 chelator after attachment to the polymer. Preferedaly, 

the deferoxamine moiety is anchored to the polymer moiety 
in such a manner that the chelating ability of the 
deferoxamine moiety in vitro remains substantial, 
preferably on the order of non-anchored deferoxamine. 
15 The adduct should be sufficiently soluble for ease of 
introduction and should provide increased retention in 
the vascular compartment compared to ferrioxamine alone. 
The adduct should be sxibstantially non-toxic even when 
administered at concentrations 3 to 10 times higher than 
20 necessary for optimal contrast enhancement. The 

polymeric substrate should not cause significant side 
reactions, and thus should be selected from polymers 
which are biocompatible. 

It has been found that polymers apparently 
25 useful for application according to an in vivo 
application of the present invention include 
polysaccharides such as the dextrans and hyaluronic acid, 
starch derivatives, and proteins such as serum albumin, 
transferrin and the like. Polymer starting materials 
30 such as the dextrans, hydroxyethyl starch, human albumin 
and plasma protein fraction are commercially available. 
See Remington ^s Pharm aceutical Sciences . A. Osol., ed.. 
Mack Publishing (16th ed. 1980) at pages 759-761, the 
disclosures of which are incorporated by reference 
35 herein. Further, a wide variety of insoluble synthetic 
and natural organic polymers can be bound to deferoxamine 
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by the techniques described hereinabove, including water- 
insolvible agaroses (Sepharose ) , cross-linked dextrans 
(Sephadex ) , cellulosics (e.g. , paper and cotton) , 
starches and the like. 
5 Attachment of ferric iron to the deferoxamine- 

polymer conjugate can be accomplished by careful 
measurement of the content of bound deferoxamine, 
followed by the addition of 0.94-0.96 equivalents of 
ferric iron using ferric chloride. The pH of the 
10 solution is then adjusted to neutrality using sodium 
hydroxide. 

Preferably, the ratio of deferoxamine to ferric 
iron in the adduct is about 1.2 to 1.01, most preferably 
1.06 to 1.04. It is essential that a slight excess of 

15 deferoxamine is used in order to reduce and/or eliminate 
the occurrence of non-specif ically bound iron which may 
be potentially toxic to the living system. A preferred 
embodiment of the composition according to the invention 
comprises about 3-40 wt-% deferoxamine, more preferably 

20 about 10-25 wt-%, about 0.3-4 wt-% ferric iron, more 
preferably about 1.0-2.5 wt-%. These synthetic iron 
chelator-polymer conjugates therefore contain a higher 
level of bound iron than transferrin, an iron 
transporting protein which, in its saturated form, 

25 contains approximately 0.15% of iron by weight. 

The adduct of the invention exhibits 
substantial advantages, primarily relating to diminished 
toxicity of the def eroxamine-ferric iron moiety, and 
increased vascular retention time of the anchored 

30 def eroxamine-ferric iron moiety relative to non-anchored 
ferrioxamine. It will be understood from the below 
reported experimental results that behavior of the 
polymer bound deferoxamine-ferric iron adduct is not 
readily predictable from other polymer-bound MR contrast 

35 agents. 
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The polymer- (deferoxamine- ferric iron) adduct 
is capable of MR contrast enhancement in a mammal 
particularly of the vascular compartment, or, as in the 
case of oral administration, the gastro-intestinal 
5 system. For example, the adduct may enable MR detection 
of reperfusion of blood to damaged tissue upon 
restoration of arterial flow, enhance vascular tissues 
associated with the brain, or define tumors. Further, 
the adduct may enable the definition or detection by MR 
10 of hemorrhage sites such as a stroke, gradations in blood 
volume, extent of vascularity, or renal, intestinal, 
myocardial, or cerebral ischemia within minutes of onset. 
For example, deferoxamine-ferric iron complex conjugated 
to hydroxyethyl starch may be used to enhance the MR 
15 imaging of myocardial and brain blood vessels related to 
micro- and macrocirculation. Such an agent is useful in 
the diagnosis of vascular lesions of several types in a 
variety of organs. Further, the composition of the 
invention may enhance tissues in multiple anatomic 
20 regions without reinjection. 

The MR contrast composition of the invention 
provides for intravascular retention effective to 
accomplish MR imaging of a particular organ or tissue. 
It is preferred that the adduct has a vascular half-life 
25 of at least about 30-90 minutes. For example, a 20,000 
molecular weight hydroxyethyl starch-deferoxamine adduct 
according to the invention may be retained within the 
vascular compartment for 2 to 3 hours. After completion 
of the imaging procedure, it is preferred that the adduct 
30 is eliminated from the body. Preferably, the adduct is 
completely eliminated within 24 hours post-administration 
of the magnetic resonance imaging procedure. It is 
further preferred that the adduct is eliminated through 
the urinary system. 
>5 The adduct may also provide enhancement of 

other than the vascular compartment. For example, the 
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adduct may be administered such as by injection, into the 
spinal cord to enhance structural details of 
cerebrospinal fluid circulation, the sinuses, the genito- 
urinary system, the lymphatic system, and any other 
5 systems which may be detected by MR procedures. For 
example, the adduct may provide enhancement of the 
lymphatic system by injection into lymph nodes such as 
the submandibular nodes, pre- and post-auricular nodes, 
superficial cervical nodes, axillary nodes, inguinal 

10 nodes, and the like. As further example, the adduct may 
be injected into the synovial fluid of a joint, for 
example, a race horse, for image enhancement of the 
ligaments and other structures. 

The invention includes MR image contrast agents 

15 with specificity for particular cells or tissues which 

are useful as diagnostic tools, as for example, in cancer 
detection. Increased expression of transferrin receptors 
is a hallmark for a variety of neoplastic cell types, 
including both vascular tumors, and solid tumors such as 

20 carcinoma of the breast. Accordingly, the adduct of the 
invention may incorporate transferrin, an iron 
transporting protein, to augment the distribution of 
contrast agent conjugates to cells and/ or domains where 
the expression of binding sites, or receptors, for 

25 transferrin are high. As such, MR image contrast agents 
which possess a specificity for cells with increased 
expression of the transferrin receptor thus provide a 
means for the diagnosis of cancerous cells and/or 
tissues. 

30 The invention further includes a 

pharmaceutically-acceptable adduct of deferoxamine, 
ferric iron and polymer for administration to a mammal. 
The adduct of the invention may be coiabined with a 
pharmaceutically-acceptable vehicle such as a liquid or a 

35 powdered carrier, which is compatible with the adduct. 
For example, the adduct may be combined with hyaluronic 
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acid for injection into the synovial fluid of the joint. 
The pharmaceutical composition may be formulated as a 
powder, granules, solution, ointment, cream, aerosol, 
powder, or drops. The solution or drops may contain 
5 appropriate adjuvants, buffers, preservatives and salts. 
The powder or granular forms of the composition may be 
combined with a solution and with diluting, dispersing 
and/or surface active agents. The composition may be 
administered orally, rectally, intravenously, 
10 parenterally, or by direct injection into the system 
being imaged. 

The composition of the invention is preferably 
administered in. vivo as a solution, parenterally, e.g., 
by intramuscular or intravenous injection or infusion, or 
15 via oral, rectal or vaginal routes. The composition may 
also be administered by direct injection into the system 
being imaged. The appropriate dose will be adjusted in 
accord with appropriate clinical factors including the 
organ or tissue to be enhanced, the patient's age, size 
20 and weight, the mode of administration, and the like. 

The optimal dose of a particular contrast agent 
is dependent on a number of factors, such as the rate of 
excretion of the adduct, the relaxivity of the adduct, or 
whether the adduct becomes distributed within the 
25 extracellular environment. Where the agent remains in 
the vascular compartment, lower doses are needed. 
However, the actual optimal dose will be dependent on any 
particular set of circumstances, it is preferred that 
the adduct is administered in an amount effective to 
30 enhance the resonance imaging of the organ being studied. 
Preferably, the dose of the polymer- (deferoxamine-ferric 
iron) conjugate is between about 0.01 and 0.1 
millimoles/kg body weight, or about 6 to 60 mg/kg body 
weight f errioxamine . Formulations of polysaccharide- 
35 deferoxamine-ferric iron adducts preferably contain about 
5-20 mg/ml of immobilized deferoxamine-ferric iron 
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complex. Preferably between 0.5 to 6 ml/kg body weight 
deferoxamihe-ferric iron, more preferably about 1 ml/kg 
body weight, is administered. For oral administration of 
the adduct for enhancement of the gastrointestinal tract, 
5 larger volximes may be administered. 

The invention further includes a method for 
magnetic resonance imaging of the body of a mammal. The 
method includes the steps of administering the 
composition containing the adduct of the invention to a 
10 patient such that the adduct is distributed to the body 
system being imaged, and determining the image of the 
body system or a portion thereof according to MR imaging 
techniques. See, for example, Niendorf & Haustein, In 
Contrast an d Contrast Agents in Magnetic Resonance 
15 Imaging ; Proc. Europ. Workshop on Magn. Reson. in Medic. 
(September 1988), the disclosure of which is incorporated 
by reference herein. The composition which is 
administered according to the method of the invention 
comprises a pharmaceutically-acceptable adduct of 
20 deferoxamine, ferric iron, and polymer in combination 
with a pharmaceutically-acceptable carrier. It is 
preferred that the adduct is present in an amount 
effective to enhance a magnetic resonance image of the 
body system being imaged. The method of the invention 
25 particularly provides for contrast enhancement of highly 
vascularized tissues in a mammal, although other systems 
such as the lymph system or the renal/urinary tract may 
also be enhanced according to the invention. To provide 
enhancement of the vascular system, it is preferred that 
30 the adduct is induced into the bloodstream. The 
composition may be administered orally, rectally, 
intravenously, parenterally, or by direct injection into 
the system being imaged. 

An advantage of ferrioxamine-based adducts is 
35 the much higher affinity or binding constant of 

deferoxamine for ferric iron compared with that of DTPA 
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for gadolinium ion. Accordingly, the adducts of the 
present invention will not degrade over the time required 
for the imaging study. The loss of Gd from DTPA is a 
known occurrence especially in cases where the DTPA 
5 anhydride is utilized for polymer attachment. The very 
high binding constant of ferric iron to deferoxamine 
ensures that the iron will not dissociate from the 
complex jji vivo . 

Another advantage of the polysaccharide- 
10 deferoxamine conjugates of the present invention is that 
both water-soluble and water insoluble conjugates can be 
prepared. Attachment of DFO to biocompatible, water 
soluble polysaccharides and proteins provides adducts 
which are well suited for parenteral injection. 
15 Attachment of the cheliator-iron complex to insolxible 
matrices, such as celluloses, agaroses, and the like, 
provide adducts which are well suited for oral or rectal 
admini strati on . 

Yet another advantage of the present invention 
20 is that since the amino group of the chelator is used for 
attachment to the polymer, there is no risk of polymer- 
polymer cross-linking. As a result, the conjugates of 
the invention remain very similar in character to the 
starting polymer component. In contrast, attachment of 
25 DTPA anhydride, a bifunctional cross-linking agent, to 
polymers is associated with polymer-polymer cross- 
linking, which leads to large complexes with poorly 
defined molecular weight. 

Another advantage is that the attachment of 
30 deferoxamine to the polymer moiety, according to the 

invention, does not alter the iron binding properties of 
the chelator. See Hallaway, et al., Proc. Nat, Acad. 
Sci. USA 86: 10108-10112 (1989), the disclosures of 
which are incorporated by reference herein. 
25 Yet another advantage is that the polymer 

moiety of the invention are pharmaceutically-acceptable 
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components. For example, hydroxyethyl starch, dextran, 
inulin and hyaluronic acid are used extensively in 
clinical treatment as plasma volxime expanders. 

A further advantage of the invention is that, 
5 unlike gadolinivim conjugates, the ferrioxamine-containing 
compounds of the invention range in color from dark brown 
to orange and thus provide for enhanced visual detection 
of urinary excretion of the MR enhancing agent. 

Due to the non-toxicity, increased biological 

10 half -life, and selectivity into the vascular compartment, 
the adducts of the invention provide improved contrast 
agents for enhancement of various organs and tissues in 
MR imaging as compared to agents such as free Gd-DTPA, 
Gd-DTPA conjugates, or free deferoxamine-ferric iron 

15 complex. 

The invention will be described with reference 
to various specific and preferred embodiments and 
techniques. However, it should be understood that many 
variations and modifications may be made while remaining 
20 within the spirit and scope of the invention. 

EXAMPLE I 

SYNTHESIS OF AN ADDUCT COMPRISING 
HYDROXYETHYL STAR CH. DEFEROXAMINE AND FERRIC IRON 

This example describes attachment of 

deferoxamine (DFO) to the polysaccharide hydroxyethyl 

starch (HES) and saturation of the conjugate with ferric 

iron to synthesize a high molecular weight 

polysaccharide-deferoxamine- ferric iron adduct. 

Preparation of the Hy droxvethyl Starch-Deferoxam-inP, 
Conjugate. Hydroxyethyl starch (HES) (Hetastarch, Dupont 
Critical Care, Waukegan, Illinois) was dissolved in water 
35 at a concentration of 100 grams per liter. Cleavage of 
cis-diols to yield reactive aldehyde groups was 
accomplished by addition of solid sodium metaperiodate to 
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a final concentration of 100 mM. The solution was 
incubated for one hour at room temperature. Low 
molecular weight reaction products were removed from the 
mixture by diaf iltration (Pellicon system, Millipore 
5 Corporation, Bedford, Massachusetts) with depyrogenated 
water using a 100,000 molecular weight cut-off filter 
(Millipore Corporation) . The polymer concentration was 
adjusted to 100 grams/liter based on refractive index of 
the solution. 

10 Deferoxamine was added as the mesylate salt to 

a final concentration of 100 mM and allowed to fully 
dissolve at room temperature. The resulting Schiff bases 
between the amino group of the deferoxamine and the 
aldehyde groups on the polymer were reduced by addition 

15 of sodium cyanoborohydride to a final concentration of 
100 mM. After one hour at room temperature, sodium 
borohydride was added to a final concentration of 100 mM 
to reduce any residual aldehyde groups. The reaction 
mixture was gently stirred for 16 hours at room 

20 temperature. 

Concentration of the polymer-deferoxamine 
conjugate and removal of low molecular weight 
contaminants were accomplished by thorough diaf iltration, 
using a 30,000 molecular weight cut-off filter and 

25 pyrogen- free water. The concentration of the polymer- 
deferoxamine conjugate was adjusted to 130 grams/liter 
based on refractive index. 

Saturation of the hes-DFQ Coniuaaiie with Ferric Iron . An 
30 aliquot of the HES-deferoxamine conjugate solution was 
removed, and the deferoxamine concentration was measured 
spectrophotometrically at 429 nm after the addition of 
excess ferrous sulfate. Conversion of the polymer- 
deferoxamine adduct to the iron-saturated polymer- 
35 deferoxamine-ferric iron form was accomplished by 94-96% 
titration of the deferoxamine with ferric chloride. A 
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volume of ferric chloride stock solution (300 mM) was 
added to the polymer-deferoxamine solution while 
stirring. Following addition of ferric chloride, 1 M 
sodium hydroxide was slowly added until the pH reached 
5 neutrality. The material was filtered through a 0.2 
micron filter and transferred to sterile plastic bags. 

The molecular weight distribution of the 
hydroxyethyl starch-deferoxamine-ferric iron adduct was 
determined by high pressure liquid chromatography and was 
10 unchanged from the distribution of the hydroxyethyl 
s t ar ch-de fer examine con j ugat e . 

The same procedure may be used to synthesize 
adducts comprising inulin, hyaluronic acid or dextran as 
the polymer moiety. In the case of inulin, which is 
15 relatively insoluble in its native form, the inulin- 
deferoxamine conjugate becomes more soluble following 
attachment of chelator. 

EXAMPLE II 

20 SYNTHESIS OF AN ADPnCT 

COMPRISING TRANSFERRIN, DEFEROXAMINE AND FERRIC IRON 
This example describes attachment of 
deferoxamine to the protein transferrin, and saturation 
of the conjugate with ferric iron to form a high 
25 molecular weight protein-deferoxamine-f erric iron adduct. 

Deferoxamine was attached to transferrin by 
glutaraldehyde cross-linking. Initially, the 
deferoxamine-glutaraldehyde conjugate was prepared by 
slowly adding a 100 mM solution of deferoxamine into a 
30 100 mM solution of glutaraldehyde with stirring. The 

resulting solution primarily contained the deferoxamine- 
glutaraldehyde conjugate with small amounts of 
deferoxamine-glutaraldehyde-deferoxamine conjugate, 
unreacted glutaraldehyde, and unreacted deferoxamine. 

Human holotransferrin, the iron saturated form 
of transferrin, was purchased from Sigma Chemical Co., 
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st. Louis, MO, A voluia of 4,5 ml of a 10% solution of 
transferrin was reacted with an equal voltime of the 
above-prepared solution containing deferoxamine- 
glutaraldehyde conjugate. A control solution of 
5 transferrin mixed with an equal volume of saline was 
prepared as a control. The concentration of the 
deferoxamine-glutaraldehyde adduct in the final mixture 
was 25 mM compared to 5% or 0,62 mM of the protein. 

Following a 10 minute incubation, 2.25 ml of 

10 100 mM sodium cyanoborohydride was added to the reaction 
solution. The control solution was similarly diluted. 
Following 10 minutes of incubation, both solutions were 
dialyzed against saline to remove unreacted low molecular 
weight material. 

15 Following overnight dialysis, the concentration 

of transferrin was 0.30 in the reaction solution and 0.22 
mM in the control solution. These solutions were 
subsequently diluted to 0.125 mM and, following the 
addition of excess ferrous sulfate, the absorbance was 

20 read at 429 mM to determine the number of bound 

deferoxamine molecules per transferrin molecule. The 
following values were obtained: 

TABLE 1 

Absorbance 

25 REACTION SOLUTIONS f420nm^ 

A. transf errin-deferoxamine+saline 0. 536 

B. transf errin-deferoxamine+ferrous sulfate^ 1.790 

30 CONTROL SOLUTIONS 

C. control transf err in+saline 0.499 

D. control transferrins ferrous sulfate^ o!604 



35 



The final concentration of ferrous sulfate in 
solutions B and D (control) xiras 10 mM; the 
absorbance of 10 mM ferrous sulfate at 429 nm is 
40 0.010. 
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The increase in absorbanc of 0.105 units upon addition 
of ferrous -sulfate to the control transferrin solutions 
(solution D (0.604) minus solution C (0.499)) represents 
non-specific binding of ferric iron to the protein. The 
5 increase in optical density following addition of ferrous 
sulfate to reaction solution B containing transferrin- 
deferoxamine conjugate represents binding of ferric iron 
to deferoxeimine. Solution A containing transferrin- 
deferoxamine conjugate alone had an optical density of 

10 0.536. In solution B, the addition of ferric sulfate to 
the conjugate showed an optical density of 1.790, or an 
increase of 1.254 (solution B (1.790) minus control 
solution A (0.536)). The optical density resulting from 
non-specific binding of ferric iron to transferrin 

15 protein (solutions D minus C, or 0.105) is then 

sxibtracted from the 1.254 figure to indicate a net 
increase in optical density of 1.149 for the transferrin- 
deferoxamine-ferrous sulfate solution B. 

Since the millimolar extinction coefficient of 

20 deferoxamine is 2.3, the observed value corresponds to 
0.5 mM deferoxamine. The concentration of transferrin 
protein in the control and reaction solution was 0.125 
mM. Therefore, each transferrin molecule carries, on the 
average, four bound deferoxamine molecules. 

25 To determine whether the observed change in 

absorbance of solution B represents bound deferoxamine, 
the material in solution B was precipitated with 
trichloroacetic acid. The supernatant was then 
neutralized and the optical density measured at 429 nm. 

30 This control experiment revealed that less than 10% of 
the deferoxamine remained in the supernatant. Therefore, 
more than 90% of the deferoxamine was bound to the 
protein. 

Following calculation of the concentration of 
35 bound deferoxamine, larger quantities of the transf rrin- 
deferoxamine-ferric iron adduct may be prepared by adding 
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calculated quantities of an iron salt, such as ferric 
ammonium sulfate to the transferrin-deferoxamine 
solution. Following diafiltration against normal saline, 
the preparation is sterile filtered, and either 
5 lyophilized or used directly as a 5% solution. 

By altering the ratio of deferoxamine- 
glutar aldehyde to protein, as many as 10 moles of 
deferoxamine may be added per mole of protein. However, 
such preparations show a significant amount of cross- 

10 linked protein when analyzed by polyacrylamide gel 

electrophoresis. Preferably the ratio of deferoxamine to 
protein is about 4-6 moles deferoxamine:! mole protein. 

The transferrin-deferoxamine-ferric 
deferoxamine iron adduct is also capable of unaltered 

15 affinity for binding to hximan transferrin receptor on 
HeLa cells. The retention of specific receptor binding 
affinity which may be characteristic of the unaltered 
protein component by the modified protein-deferoxamine 
conjugate is an important parameter for achieving binding 

20 and the subsequent ' image enhancement of those cells and 
tissues containing high concentrations of the transferrin 
receptor. Accordingly, it is preferred that the adduct 
of the invention retain the receptor binding affinity of 
its protein moiety. 

25 

EXAMPLE III 
MAGNETIC R ELAXIVITY PROPERTIES OF THE 
HYDROXYETHYL 8TARCH->DE FERQXAMINE-FERRIG IRON ADDUCT 
Studies of the relaxivity of deferoxamine- 
30 ferric iron complex, or ferrioxamine, has been carried 
out by several investigators. Studies indicate that the 
millimolar relaxivity of this metal complex is somewhat 
below 1.0 s^"^^ A value of 1.37 s^"^^ at 20 MHz has been 
reported by Wesbey, et al. and Worah, et al. (1984). A 
35 lower value of 0.9 s^"^^ at 50 MHz has also been reported 
and likely corresponds to a valu of l.O-l.l at 20 MHz. 



wo 92/07259 



PCr/US91/07546 



-28- 

A value of 1.8 at 20 MHz has also been reported. Studies 
suggest a doubling of the millimolar relaxivity of 
hydroxyethyl starch (EES) bound deferoxamine- ferric iron 
to a millimolar value of near 2.0. This suggestion is 
5 consistent with an expected slowing of the rotational 
freedom of the bound chelator. A value of 1.6 s^'^^ at 20 
MHz for an HES-deferoxamine-ferric iron conjugate was 
obtained. 

10 EXAMPLE IV 

HEMODYNAMIC EFFECTS AND INFLUENCE ON ISCHEMIC 
INSULT FOLLOWING INFUSION OF THE HYDROXYETHYL 
STARCH-DEFEROXAMINE-FERRIC IRON ADDUCT IN THE DOG 

15 A model was designed in which three forms of 

deferoxamine were tested according to their influence on 
myocardial function secondary to an ischemic insult. In 
this model of the "stunned myocardium,/' a defined region 
of the heart, was exposed to short term ischemic insults. 

20 These ischemic insults correspond to myocardial injury 
that can be sustained following angioplasty and other 
like cardiac procedures « 

The effect on myocardial function was 
determined using deferoxamine (DFG) , a conjugate of 

25 deferoxamine attached to a low molecular weight form of 
hydroxyethyl starch (HES-DFO) , and a hydroxyethyl 
starch-deferoxamine conjugate (HES-DFO) in which 90-95% 
of the iron sites had been saturated with ferric iron. 
The physiological effects of HES-DFO-ferric iron in 

30 relation to DFG and HES-DFO were studied to determine the 
suitcibility of the hydroxyethyl starch-deferoxamine- 
ferric iron adduct as an MR image contrast agent. 

It has been demonstrated that both deferoxamine 
and HES-deferoxamine protect ischemic tissue against 

35 oxygen radical mediated injury occurring secondary to 
ischemia and reperfusion (Belli, et al. Am. J. Physiol.: 
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Heart Circ. Phvsiol, 22: H1372-H1380 (1987); Farber, et 
al., Clrc. Res. 63: 351-360 (1988)) • An MR contrast 
agent preferably neither improves nor worsens such 
injury, but simply enhances the quality of the MR image, 
5 similarly, it has been shown that both deferoxamine and 
ferrioxamine are associated with significant toxicity 
when administered intravenously. This toxicity may 
manifest itself by hypotension which is occasionally 
severe. A preferred MR imaging enhancer does not cause 
10 adverse hemodynamic effects even when administered into 
the vascular compartment in high concentrations. 

Procedure. The physiological properties of deferoxamine 
HES-deferoxamine conjugate, and HES-deferoxamine-ferric 
15 iron adduct were characterized and compared in a canine 
model of the stunned myocardium. 

Adult male and female mongrel dogs were 
anesthetized and ventilated at 10-15 breaths/minute with 
a tidal volume of 15 ml/kg by a Harvard respirator, 
20 Atelectasis was prevented by maintaining an end 

expiratory pressure of 5-7 cm of water with a trap. Body 
temperature was maintained at 38 with a heating pad. 
Throughout the experiment pH, pO^ and pCOj were maintained 
at physiological levels by adjusting the respiratory rate 
25 and volume, and by infusing sodium bicarbonate and 
supplemental 100% oxygen. 

Aortic blood pressure and left ventricular 
pressure were monitored by inserting a double pressure 
transducer-tipped catheter into the aorta and left 
30 ventricle via the carotid artery. Left ventricular dP/dt 
was determined by electronic differentiation of the left 
ventricular pressure pulse. 

The left jugular vein was cannulated for the 
administration of deferoxamine (DFO) , hydroxyethyl 
35 starch-deferoxamine conjugate (HES-DFO) and hydroxyethyl 
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starch-deferoxamine-ferric iron adduct (HES-DFO-ferric 
iron) . 

A left thoracotomy was performed at the fifth 
intercostal space, the pericardium incised and the heart 
5 suspended in a cradle. A portion of the left anterior 
descending coronary artery (LAD) was isolated distal to 
the first diagonal branch and a electromagnetic flow 
probe was placed around the vessel. LAD blood flow was 
measured with a flow meter. Distal to the flow probe, a 

10 micrometer driven mechanical occluder was placed to 

produce a total occlusion of the LAD and to subsequently 
allow reperfusion. The heart was paced at 150 beats/min. 

Myocardial segment function, expressed as 
percent segment shortening, or %SS, as a measure of 

15 altered myocardial function following 

ischemia/ reperfusion, was measured in the regions 
perfused by the LAD and the left circumflex coronary 
artery by using two sets of piezoelectric crystals. The 
precalibrated crystals were inserted into the 

20 subendocardium. The leads of each crystals were 

connected to an ultrasonic amplifier which transformed 
the sound pulse transmitted between the two crystals into 
an electrical signal proportional to the distance between 
them. These tracings were monitored with an 

25 oscilloscope. The %SS was calculated according to the 
following ecjuation: 

%SS = (DL - SL)/DL X 100 
where DL is the diastolic segment length, and SL is the 
systolic segment length. 

30 Regional myocardial blood flow was determined 

by the use of the microsphere technique. The left atrial 
appendage and the right femoral artery were cannulated 
for the administration of microspheres and for the 
withdrawal of a reference blood flow sample, 

35 respectively. Radioactive microspheres (15 ± 3 m 

diameter) were injected into the left atrium followed by 
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a 6 ml saline wash. Before administration of the 
microspheres, a reference blood flow sample was withdrawn 
from the femoral artery at a constant rate for 2-3 
minutes . 

5 At the completion of each experiment, India ink 

was injected into the LAD at the point of the flow probe 
at aortic perfusion pressure to delineate the ischemic 
bed size. Subsequently, the heart was removed and stored 
overnight in 10% formalin. The following day, the heart 
10 was sectioned into subepicardium, midmyocardium and 

subendocardium of both normal and ischemic regions and 
the samples weighed. The radioactivity in each tissue 
sample was counted in a gamma counter. Using measured 
reference blood flow determinations, both myocardial and 
15 transmural blood flows were calculated. 

Blood levels of DFO, HES-DFO and HES-DFO-f erric 
iron were obtained before, during and after coronary 
occlusion in blood samples obtained from the femoral 
artery. Blood samples were centrifuged and plasma 
20 samples stored at -70 •€ for later analysis. The 

methodology for these measurements are described in 
Hallaway, et al., Proc, Nat, Acad. Sci, usA . 86: 
10108-10112 (1989), the disclosures of which are 
incorporated by reference herein. 
25 After surgical preparation and stabilization, 

control measurements of hemodynamics were obtained and 
radioactive microspheres administered to determine 
regional myocardial blood flow. Four groups of dogs wer6 
used. One group received saline, the other groups 
30 received 50 mg/kg of deferoxamine or deferoxamine-f erric 
iron (ferrioxamine) equivalents at 30 minutes prior to 
and during the 15 minute period of occlusion. The 
solutions were infused at a rate of 2.3 ml/min. At the 
end, the occluder was released slowly and the LAD 
35 reperfused for three hours. Hemodynamics were 

continuously recorded during this period. Radioactive 
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microspheres were infused at 12 minutes of occlusion and 
at 30 and 180 minutes of reperfusion. 

Solutions contained 10% HES-DFO or 10% HES-DFO- 
ferric iron in physiological saline- The molecular 
5 weight of the preparation used in this study was 20,000 
with a vascular half-life of approximately 2 hours. The 
chelator content of the HES-DFO conjugate and HES-DFO- 
f erric iron adduct was approximately 15% (w/w) . The 
concentration of deferoxamine and deferoxamine-ferric 

10 iron (ferrioxamine) in these preparations was 28 mM. 
HES-DFO-f erric iron was prepared by addition of 0.95 
equivalents of ferric iron as ferric chloride, based on 
the measured content of available iron building sites, to 
a solution containing HES-DFO. The resulting acidic 

15 solution was neutralized with sodium hydroxide and 
filtered before use. 

Results . Following exclusion of animals for technical 
reasons or for death due to ventricular fibrillation, 27 

20 animals were included in the study. Analysis of data was 
carried out in nine control dogs, seven dogs treated with 
HES-deferoxamine conjugate, five dogs treated with the 
HES-deferoxamine-f erric iron adduct, and six dogs treated 
with deferoxamine alone as a control. The size of the 

25 left ventricle and the area at risk were similar among 
the animals used in the study so that, among the four 
groups, equivalent perfusion bed areas were subjected to 
ischemia • 

30 Lz Hemodynamics , No differences in basal and paced 

heart rate were observed in the animal subjects. 
Further, no differences were observed between the control 
(DFO) , HES-DFO and HES-DFO-ferric iron groups during the 
experiment. These results indicate that the HES-DFO- 

35 ferric iron adduct does not cause changes in hemodynamic 
stability. Within the DFO group of animals, however, a 
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significant decrease in mean arterial pressure during 
drug infusion was observed. Thus, even though DFO was 
delivered slowly and in a controlled fashion, it caused 
significant hypotension. 
5 No differences in regional myocardial blood 

flow between the four groups prior to ischemia, during 
occlusion and during reperfusion were observed. 
Therefore, the HES-DFO-ferric iron adduct did not 
influence coronary blood flow in the normal and in the 
10 compromised heart. 

2. Myo cardial Function . Myocardial segment function is 
expressed as present segment shortening, or %SS. No 
differences in the subendocardial wall function in the 
15 non-ischemic (LCX) area was observed in the four groups. 
In the ischemic LAD region, there was a similar reduction 
in %SS in all four groups which is an indication of 
passive systolic lengthening. 

During reperfusion, the recovery of %SS was 
20 similar in the saline and the HES deferoxamine- ferric 
iron treated animals. This indicates that the HES 
deferoxamine-ferric iron adduct neither protects against 
nor further aggravate injury caused during ischemia. 
These results contrast with those of HES-deferoxamine 
25 treated animals in which %SS was significantly improved 
as compared to the saline and HES deferoxamine-ferric 
iron treated animals, as illustrated in FIGURE 1. This 
suggests that the iron chelating capacity of HES- 
deferoxamine attenuates the injury caused by ischemia and 
30 reperfusion. In addition, no residual colloid 

protective effect of the HES-DFO-ferric iron adduct was 
observed. Therefore, the protective effect of HES-DFO 
can be assigned to the iron chelating properties of the 
HES-DFO conjugate. 
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is Plasma Levels of Chelator Conjugates, Th plasma 

levels of DFO, HES-DFO and HES-DFO-f erric iron are 
illustrated in Figure 2. The infusion of 50 mg/kg of 
HES-DFO or HES-DFO-ferric iron over 45 minutes yielded a 
5 plasma concentration of approximately 1,0 mM. The 

maximal plasma concentration of DFO reached about 0.4 mM 
and then rapidly decreased. 

Summary . In sum, the hydroxyethyl starch-deferoxamine- 
10 ferric iron adduct did not cause any observable toxicity 
when infused intravenously at a dose equivalent to 50 
mg/kg deferoxamine-f erric iron (ferrioxamine) . The 
effect of the HES-deferoxamine-ferric iron adduct on 
myocardial function is indistinguishable from that of a 
15 similar volume of saline, indicating that there is 
neither a protective nor adverse effect on the heart. 
Plasma concentrations in the millimolar range were 
maintained over a 30 minute period following the 
termination of infusion of the adduct. 



20 
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WHAT IS CLAIMED IS: 

1. A composition suitable for use in magnetic resonance 
imaging of a body system of a mammal, comprising an 
adduct of a conjugate of deferoxamine moieties 
covalently bonded to a polymer, and ferric iron 
chelated to the deferoxamine moieties, 

2. A composition according to claim 1 wherein the 
amount of deferoxamine is about 3-40 wt-% based on 
the total weight of the composition. 

3. A composition according to claim 1 wherein the 
amount of deferoxamine is about 10-25 wt-% based on 
the total weight of the composition. 

4. A composition according to claim 1 wherein the 
amount of ferric iron is about 0.3-4 wt-% based on 
the total weight of the composition, 

5. A composition according to claim 1 wherein the 
amount of ferric iron is about 1-2.5 wt-% based on 
the total weight of the composition. 

6. A composition according to claim 1 wherein at least 
about 90-96% of the available deferoxamine moieties 
are complexed with ferric iron. 

7. A composition according to claim 1 wherein the 
adduct has a molecular weight of about 5,000-250,000 
Daltons as determined by gel permeation 
chromatography . 

8. A composition according to claim 1 wherein the 
adduct has a molecular weight of about 10,000-50,000 
Daltons as determined by gel permeation 
chromatography . 
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9. A composition according to claim 1 wherein the 
polymer is water- insoluble. 

10. A composition according to claim 9 wherein the 
polymer is a cellulose or agarose. 

11. A composition according to claim 1 wherein the 
polymer is water-soluble. 

12. A composition according to claim 11 wherein the 
polymer is a protein or polysaccharide. 

13. A composition according to claim 12 wherein the 
polymer is the protein serum albximin or transferrin. 

14. A composition according to claim 12 wherein the 
polymer is the polysaccharide dextran, starch, 
hyaluronic acid, inulin, or cellulose. 

15. A composition according to claim 14 wherein the 
polysaccharide is hydroxyethyl starch. 

16. A composition according to claim 1 wherein the 
adduct is capable of enhancing the contrast of a 
magnetic resonance image of the vascular system, the 
gastrointestinal system, the genito-urinary system, 
the lymphatic system, or the cerebrospinal system. 

17. A composition according to claim 16 wherein the 
adduct enables magnetic resonance detection of 
tissue perfusion and vascular leaks. 

18. A composition according to claim 1 wherein the 
adduct is capable of intravascular retention for at 
least about 30-90 minutes. 
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19. A composition according to claim 1 wherein the 
adduct is capable of being eliminated from the body 
within 24 hours post-administration of the magnetic 
resonance imaging procedure. 

20. A pharmaceutical composition suitable for use in 
magnetic resonance imaging of a body system of a 
mammal, comprising an adduct of a conjugate of 
deferoxcimine moieties covalently bonded to a 
polymer, and ferric iron chelated to the 
deferoxamine moieties, in coinbination with a 
pharmaceutically-acceptable carrier, the adduct 
being present in an amount effective to enhance a 
magnetic resonance image of a body system of a 
patient. 

21. A method for magnetic resonance imaging of a body 
system of a mammal, comprising; 

a) administering a contrast agent to a mammal such 
that the contrast agent is distributed to the 
body system, said agent comprising a 
pharmaceutically-acceptable adduct of a 
conjugate of deferoxeunine moieties covalently 
bonded to a polymer, and ferric iron chelated 
to the deferoxamine moieties; and 

b) determining the magnetic image of the system or 
a portion thereof by magnetic resonance 
imaging. 

» 22. A method according to claim 21 wherein a feature 

within the vascular system is enhanced. 



23. A method according to claim 21 wherein the agent is 
administered intravenously. 
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24. A meth d according to claim 21 wherein the agent is 
administered orally or rectally. 

25. A method according to claim 21 wherein the agent is 
administered by direct injection into the system. 
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